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TRIBOELECTRIC GENERATOR

A triboelectric generator includes first and second electrodes facing each other, and a first energy generation
layer provided on the first electrode and generating electric energy through contact with other material, the first energy
generation layer comprising a two-dimensional (2D) material having a crystal structure of a 2D shape.
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Description

Field of the Invention

[0001] Example embodiments relate to a triboelectric
generator, and more particularly, to a triboelectric gen-
erator using a one-dimensional nanomaterial or a two-
dimensional material.

Background of the Invention

[0002] Energy harvesting devices are new eco-friendly
energy generating devices that may extract energy by
converting mechanical energy generated from wind, vi-
brations, or movements of a person with respect to a
surrounding environment to electric energy.

Summary of the invention

[0003] Example embodiments relate to a triboelectric
generator using a one-dimensional nanomaterial or a
two-dimensional material.

[0004] Additional example embodiments will be set
forth in part in the description which follows and, in part,
will be apparent from the description, or may be learned
by practice of the example embodiments.

[0005] Accordingtoafirstaspectoftheinvention,there
is provided a triboelectric generator includes first and
second electrodes provided to face each other, and a
first energy generation layer provided on the first elec-
trode and generating electric energy through contact with
other material, the first energy generation layer including
a two-dimensional (2D) material having a crystal struc-
ture of a 2D shape.

[0006] The two-dimensional material may include at
least one of hexagonal-boron nitride (h-BN) and transi-
tion metal dichalcogenide (TMD). The TMD may include
one metal element from Mo, W, Nb, V, Ta, Ti, Zr, Hf, Tc,
Re, Cu, Ga, In, Sn, Ge, and Pb and one chalcogen ele-
ment from S, Se, and Te.

[0007] The 2D material may have a single layer or a
multilayer structure. The 2D material may have a thick-
ness of about 0.3 nm to about 1000 nm.

[0008] The 2D material may be doped or undoped. The
triboelectric generator may further include a spacer pro-
vided between the first electrode and the second elec-
trode.

[0009] The first energy layer may generate electric en-
ergy through contact with the second electrode.

[0010] The triboelectric generator may further include
atleast one of a first substrate on which the first electrode
and the first energy generation layer are provided and a
second substrate on which the second electrode is pro-
vided. The first energy generation layer may generate
electric energy through contact with the second electrode
or the second substrate.

[0011] At least one of the first and second substrates
may be stretchable. At least one of the first and second
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substrates may include at least one of polydimethylsi-
loxane (PDMS), polyimide (PI), Teflon, urethane, and ny-
lon. At least one of the first and second substrates may
have an elongation percentage of about 200% or low.
[0012] At least one of the first and second substrates
may have a surface having a shape of a wavy pattern.
The first electrode and the first energy generation layer
may have a shape corresponding to a surface of the first
substrate and the second electrode may have a shape
corresponding to a surface of the second substrate.
[0013] At least one of the first and second electrodes
may include at least one of carbon nanotube (CNT),
graphene, Ag nanowire, metal, and metal mesh.

[0014] The triboelectric generator may further include
asecond energy generation layer provided on the second
electrode and generating electric energy through contact
with the first energy generation layer. The triboelectric
generator may further include at least one of a first sub-
strate on which the first electrode and the first energy
generation layer are provided, and a second substrate
on which the second electrode and the second energy
generation layer are provided. At least one of the first
and second substrates may be stretchable.

[0015] According to another example embodiment, a
triboelectric generator includes first and second elec-
trodes provided to face each other and having stretcha-
bility, and a first energy generation layer provided on the
first electrode and generating electric energy through
contact with another material or other materials.

[0016] The first energy generation layer may include
at least one of one-dimensional (1 D) material having a
1 D shape of a nano size and a two-dimensional (2D)
material having a crystal structure of a 2D shape. The 1
D nanomaterial may include CNT and the 2D material
includes at least one of graphene, h-BN, and TMD.
[0017] The first energy generation layer may generate
electric energy through contact with the second elec-
trode.

[0018] The triboelectric generator may further include
at least one of a first substrate that is stretchable, on
which the first electrode and the first energy generation
layer are provided, and a second substrate that is stretch-
able, on which the second electrode is provided.

[0019] The first energy generation layer may generate
electric energy through contact with the second electrode
or the second substrate.

[0020] At least one of the first and second substrates
may have a surface having a shape of a wavy pattern.
[0021] The first electrode and the first energy genera-
tion layer may have a shape corresponding to a surface
of the first substrate, and the second electrode has a
shape corresponding to a surface of the second sub-
strate.

[0022] The triboelectric generator may further include
asecond energy generation layer provided on the second
electrode and generating electric energy through contact
with the first energy generation layer.

[0023] The triboelectric generator may further include
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at least one of a first substrate that is stretchable, on
which the first electrode and the first energy generation
layer are provided, and a second substrate that is stretch-
able, on which the second electrode and the second en-
ergy generation layer are provided.

[0024] According to another example embodiment, a
triboelectric generator includes a plurality of energy gen-
eration units that are stacked on top of each other, where-
in each of, or one or more of, the energy generation units
includes first and second electrodes provided to face
each other, and a first energy generation layer provided
on the first electrode and generating electric energy
through contact with other material, the first energy gen-
eration layer including a 2D material having a crystal
structure of a 2D shape.

[0025] The 2D material may include at least one of
graphene, h-BN, and TMD.

[0026] The triboelectric generator may further include
asecond energy generation layer provided on the second
electrode and generating electric energy through contact
with the first energy generation layer.

[0027] The energy generation units may be serially
connected to one another.

[0028] According to another example embodiment, a
triboelectric generator includes a plurality of energy gen-
eration units that are stacked on top of each other, where-
in each of, or one or more of, the energy generation units
includes first and second electrodes provided to face
each other and having stretchability, and a first energy
generation layer provided on the first electrode and gen-
erating electric energy through contact with other mate-
rial.

[0029] The first energy generation layer may include
at least one of a 1 D material having a 1 D shape of a
nano size and a 2D material having a crystal structure of
a 2D shape. The 1 D nanomaterial may include CNT and
the 2D material includes at least one of graphene, h-BN,
and TMD.

[0030] The triboelectric generator may further include
asecond energy generation layer provided on the second
electrode and generating electric energy through contact
with the first energy generation layer.

BRIEF DESCRIPTION OF THE DRAWINGS

[0031] These and/or other example embodiments will
become apparent and more readily appreciated from the
following description, taken in conjunction with the ac-
companying drawings in which:

FIG. 1is a cross-sectional view of a triboelectric gen-
erator according to an example embodiment;
FIGS. 2A to 2E illustrate an operation of the triboe-
lectricgeneratorillustrated in FIG. 1to generate elec-
tric energy by pressing or bending;

FIGS. 3A to 3D illustrate an operation of the triboe-
lectricgeneratorillustrated in FIG. 1to generate elec-
tric energy by sliding;
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FIG. 4 is a cross-sectional view of a triboelectric gen-
erator according to another example embodiment
FIG.5is a cross-sectional view of a triboelectric gen-
erator according to another example embodiment
FIG. 6 is a cross-sectional view of a triboelectric gen-
erator according to another example embodiment
FIG. 7 is a cross-sectional view of a triboelectric gen-
erator according to another example embodiment
FIG. 8 is a cross-sectional view of a triboelectric gen-
erator according to another example embodiment
FIG.9is a cross-sectional view of a triboelectric gen-
erator according to another example embodiment
FIG. 10illustrates a triboelectric generator according
to another example embodiment;

FIG. 11 illustrates output voltages according to a
thickness of an energy generation layer formed of or
include a two-dimensional material in a triboelectric
generator according to an example embodiment;
FIG. 12illustrates output current densities according
to a thickness of an energy generation layer formed
of or include a two-dimensional material in a triboe-
lectric generator according to an example embodi-
ment;

FIG. 13 illustrates an output voltage and an output
current density according to resistance of a meas-
urement circuit, in atriboelectric generator according
to an example embodiment;

FIG. 14 illustrates an output power density according
to resistance of a measurement circuit, in a triboe-
lectric generator according to an example embodi-
ment;

FIG. 15illustrates charging characteristics of a MoS,
material;

FIG. 16 illustrates charging characteristics of a WS,
material;

FIGS. 17A and 17B illustrate a method of manufac-
turing a triboelectric generator including graphene
having a wavy pattern by using stretchability of a
polydimethylsiloxane (PDMS) substrate; and

FIGS. 18A to 18C illustrate output voltages accord-
ing to an elongation percentage of PDMS, in a tribo-
electric generator manufactured by the example
method of FIGS. 17A and 17B.

DETAILED DESCRIPTION

[0032] Reference willnow be made indetailtoexample
embodiments illustrated in the accompanying drawings,
wherein like reference numerals refer to like elements
throughout. The thickness or size of each layer illustrated
in the drawings may be exaggerated for convenience of
explanation and clarity. Also, in the following description,
when a layer is described to exist on another layer, the
layer may exist directly on the other layer or a third layer
may be interposed therebetween. Since a material form-
ing each layer in the following example embodiments is
an example, other materials may be used therefor. As
used herein, the term "and/or" includes any and all com-
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binations of one or more of the associated listed items.
Expressions such as "at least one of," when preceding
a list of elements, modify the entire list of elements and
do not modify the individual elements of the list.

[0033] It will be understood that when an element is
referred to as being "on," "connected" or "coupled" to
another element, it can be directly on, connected or cou-
pled to the other element or intervening elements may
be present. In contrast, when an element is referred to
as being "directly on," "directly connected" or "directly
coupled" to another element, there are no intervening
elements present. Further, it will be understood that when
a layer is referred to as being "under" another layer, it
can be directly under or one or more intervening layers
may also be present. In addition, it will also be understood
that when a layer is referred to as being "between" two
layers, it can be the only layer between the two layers,
or one or more intervening layers may also be present.
[0034] It will be understood that, although the terms
"first", "second", etc. may be used herein to describe var-
ious elements, components, regions, layers and/or sec-
tions, these elements, components, regions, layers
and/or sections should not be limited by these terms.
These terms are only used to distinguish one element,
component, region, layer or section from another ele-
ment, component, region, layer or section. Thus, a first
element, component, region, layer or section discussed
below could be termed a second element, component,
region, layer or section without departing from the teach-
ings of example embodiments.

[0035] Inthe drawing figures, the dimensions of layers
and regions may be exaggerated for clarity of illustration.
Like reference numerals refer to like elements through-
out. The same reference numbers indicate the same
components throughout the specification.

[0036] Spatially relative terms, such as "beneath," "be-
low," "lower," "above," "upper" and the like, may be used
herein for ease of description to describe one element or
feature’s relationship to another element(s) or feature(s)
as illustrated in the figures. It will be understood that the
spatially relative terms are intended to encompass dif-
ferent orientations of the device in use or operation in
addition to the orientation depicted in the figures. For
example, if the device in the figures is turned over, ele-
ments described as "below" or "beneath" other elements
or features would then be oriented "above" the other el-
ements or features. Thus, the example term "below" can
encompass both an orientation of above and below. The
device may be otherwise oriented (rotated 90 degrees
or at other orientations) and the spatially relative descrip-
tors used herein interpreted accordingly.

[0037] The terminology used herein is for the purpose
of describing particular embodiments only and is not in-
tended to be limiting of example embodiments. As used
herein, the singular forms "a," "an" and "the" are intended
to include the plural forms as well, unless the context
clearly indicates otherwise. It will be further understood
that the terms "comprises" and/or "comprising," when
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used in this specification, specify the presence of stated
features, integers, steps, operations, elements, and/or
components, but do not preclude the presence or addi-
tion of one or more other features, integers, steps, oper-
ations, elements, components, and/or groups thereof.
[0038] Example embodiments are described herein
with reference to cross-sectional illustrations that are
schematic illustrations of idealized embodiments (and in-
termediate structures) of example embodiments. As
such, variations from the shapes of the illustrations as a
result, for example, of manufacturing techniques and/or
tolerances, are to be expected. Thus, example embodi-
ments should not be construed as limited to the particular
shapes of regions illustrated herein but are to include
deviations in shapes that result, for example, from man-
ufacturing. For example, an implanted region illustrated
as a rectangle will, typically, have rounded or curved fea-
tures and/or a gradient of implant concentration at its
edges rather than a binary change from implanted to non-
implanted region. Likewise, a buried region formed by
implantation may resultin some implantation in the region
between the buried region and the surface through which
the implantation takes place. Thus, the regionsiillustrated
in the figures are schematic in nature and their shapes
are not intended to illustrate the actual shape of a region
of a device and are not intended to limit the scope of
example embodiments.

[0039] Unless otherwise defined, all terms (including
technical and scientific terms) used herein have the same
meaning as commonly understood by one of ordinary
skill in the art to which example embodiments belong. It
will be further understood that terms, such as those de-
fined in commonly-used dictionaries, should be interpret-
ed as having ameaning that is consistent with their mean-
ing in the context of the relevant art and will not be inter-
preted in an idealized or overly formal sense unless ex-
pressly so defined herein.

[0040] When the terms "about" or "substantially" are
used in this specification in connection with a numerical
value, it is intended that the associated numerical value
include a tolerance of =10% around the stated numerical
value. Moreover, when reference is made to percentages
in this specification, it is intended that those percentages
are based on weight, i.e., weight percentages. The ex-
pression "up to" includes amounts of zero to the ex-
pressed upper limit and all values therebetween. When
ranges are specified, the range includes all values ther-
ebetween such as increments of 0.1%. Moreover, when
the words "generally" and "substantially" are used in con-
nection with geometric shapes, it is intended that preci-
sion of the geometric shape is not required but that lati-
tude for the shape is within the scope of the disclosure.
Although the tubular elements of the embodiments may
be cylindrical, other tubular cross-sectional forms are
contemplated, such as square, rectangular, oval, trian-
gular and others.

[0041] FIG. 1is a cross-sectional view of a triboelectric
generator according to an example embodiment.



7 EP 3 086 460 A2 8

[0042] Referring to FIG. 1, the triboelectric generator
according to at least one example embodiment may in-
clude first and second electrodes 111 and 121 separated
from and facing each other, and an energy generation
layer 130 provided on the first electrode 111. The energy
generation layer 130 is provided on an upper surface of
the first electrode 111 facing the second electrode 121.
[0043] The first and second electrodes 111 and 121
may include a conductive material. For example, the first
and second electrodes 111 and 121 may have rigid char-
acteristics. Alternatively, one or both of the first and sec-
ond electrodes 111 and 121 may be flexible and stretch-
able. In this case, a flexible and stretchable electrode
may include, for example, one or two or more combina-
tions of carbon nanotube (CNT), graphene, Ag nanowire,
metal, and metal mesh, but the example embodiments
are not limited thereto. Also, the flexible and stretchable
electrode may include fabric woven with conductive fib-
ers. As such, the flexible and stretchable electrode may
have, for example, an elongation percentage of about
200% or lower. However, the example embodiments are
not limited thereto.

[0044] The energy generation layer 130 is provided on
the upper surface of the first electrode 111 and may gen-
erate electric energy through contact with the second
electrode 121. The energy generation layer 130 may in-
clude a material having charging characteristics that are
different from the second electrode 121. The energy gen-
eration layer 130 may include a two-dimensional (2D)
material. The 2D material may be a material having a
crystal structure of a 2D shape. The 2D material may
include, for example, hexagonal-boron nitride (h-BN)
and/or transition metal dichalcogenide (TMD).

[0045] The 2D material may have a monolayer struc-
ture or a multilayer structure. For example, the number
of layers of the 2D material may be about 1 ~ 300, but
the example embodiments are not limited thereto. Each
layer forming the 2D material may have a thickness of
an atomic level. The thickness of the 2D material may
be, for example, about 0.3 nm ~ about 1000 nm, but the
example embodiments are notlimited thereto. The layers
of the 2D material having a multilayer structure may be
combined by the van der Waals force.

[0046] In example embodiments, the h-BN is an insu-
lating material having a crystal structure of a 2D shape.
The h-BN may exhibit thermal stability, superior mechan-
ical strength, high thermal conductivity, and a low dielec-
tric constant. The TMD is a semiconductor having a crys-
tal structure of a 2D shape. For example, the TMD may
include one of transition metals such as Mo, W, Nb, V,
Ta, Ti, Zr, Hf, Tc, and Re and one of chalcogen elements
such as S, Se, and Te. The TMD may be expressed by,
for example, MX,, where M denotes a transition metal
and X denotes a chalcogen element. The M may be Mo,
W, Nb, V, Ta, Ti, Zr, Hf, Tc, or Re, and the X may be S,
Se, orTe. Inthis case, the TDM may include, for example,
MoS,, MoSe,, MoTe,, WS,, WSe,, WTe,, ZrS,, ZrSe,,
HfS,, HfSe,, NbSe,, or ReSe,. Alternatively, the TMD
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may not be expressed by MX,. In this case, for example,
the TMD may include CusS that is a compound of Cu that
is a transition metal and S that is a chalcogen element.
Alternatively, the TMD may be a chalcogenide material
including a non-transition metal. The non-transition metal
may include, for example, Ga, In, Sn, Ge, or Pb. In this
case, the TMD may include a compound of a non-tran-
sitionmetal suchas Ga, In, Sn, Ge, orPband achalcogen
element such as S, Se, or Te. For example, the TMD
may include SnSe,, GaS, GaSe, GaTe, GeSe, In,Ses,
or InSnS,,

[0047] In summary, the TMD may include one metal
element of Mo, W, Nb, V, Ta, Ti, Zr, Hf, Tc, Re, Cu, Ga,
In, Sn, Ge, and Pb and one chalcogen element of S, Se,
and Te. However, the above-described materials are
mere examples and other materials may be used as a
TMD material.

[0048] When the first and second electrodes 111 and
121 are allflexible and stretchable electrodes, the energy
generation layer 130 may include a one-dimensional (1
D) nano-material and/or a 2D material. The 1 D nano-
material signifies a material having a 1 D shape of a nano
size. The 1 D nano-material may include, for example,
CNT. The 2D material may include, for example, graph-
ene, h-BN, and/or TMD. The graphene is a conductive
material obtained as carbon atoms are bonded in a hex-
agonal 2D shape.

[0049] In order to control charging characteristics of a
surface of the energy generation layer 130, the 2D ma-
terial or 1D nano-material forming the energy generation
layer 130 may be doped with a p-type dopant or an n-
type dopant. The p-type dopant and the n-type dopant
may be, for example, a p-type dopant and an n-type do-
pant used for graphene or CNT. The p-type dopant or
the n-type dopant may be doped in an ion implantation
or chemical doping method.

[0050] A source of the p-type dopant may include, for
example, ionic liquid such as NO,BF,, NOBF,, or
NO,SbFg, an acidic compound such as HCI, H,POy,,
CH3COOH, H,SO,, or HNO3, and an organic compound
such as dichlorodicyanoquinone (DDQ), oxone, dimyris-
toylphosphatidylinositol (DMPI), or trifluoromethanesul-
foneimide. A source of the p-type dopant may include
HPtCl,, AuCls, HAUCly, silver trifluoromethanesulfonate
(AgOTf), AgNO3, H,PdClg, Pd(OAc),, or Cu(CN)s.
[0051] A source of the n-type dopant may include, for
example, a reduction product of a substituted or unsub-
stituted nicotinamide, a reduction product of a compound
which is chemically bound to a substituted or unsubsti-
tuted nicotinamide, and a compound comprising at least
two pyridinium moieties in which a nitrogen atom of at
least one of the pyridinium moieties is reduced. For ex-
ample, the source of the n-type dopant may include nico-
tinamide mononucleotide-H (NMNH), nicotinamide ade-
nine dinucleotide-H (NADH), nicotinamide adenine dinu-
cleotide phosphate-H (NADPH), or viologen. Also, the
source of the n-type dopant may include a polymer such
as polyethylenimine (PEI). Also, the n-type dopant may
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include alkali metal such as K or Li. Alternatively, the
above-described p-type dopant materials and n-type do-
pant materials are examples and other various materials
may be used as dopants.

[0052] As such, when the energy generation layer 130
including the 2D material and/or 1 D nano-material is
formed on the first electrode 111 that is flexible and
stretchable, the energy generation layer 130 may have
flexibility and stretchability corresponding to, similar to or
the same as the flexibility and stretchability of the first
electrode 111.

[0053] In the example triboelectric generator config-
ured as above, as the contact and separation process
through pressing, bending, or sliding is repeated between
the energy generation layer 130 and the second elec-
trode 121, electric energy may be obtained through the
first and second electrodes 111 and 121.

[0054] FIGS. 2A to 2E illustrate an operation of the
triboelectric generator illustrated in FIG. 1 to generate
electric energy by pressing or bending.

[0055] Referringto FIG. 2A, the energy generation lay-
er 130 is provided on the upper surface of the first elec-
trode 111, and the energy generation layer 130 and the
second electrode 121 are separated by a desired, or al-
ternatively predetermined distance from each other. The
first and second electrodes 111 and 121 are connected
to a measurement circuit 170 for measuring generated
electric energy. Referring to FIG. 2B, an external pres-
sure applied to the second electrode 121 makes the en-
ergy generation layer 130 provided on the first electrode
111 and the second electrode 121 contact each other.
Inthe process, an upper surface of the energy generation
layer 130 and a lower surface of the second electrode
121 contacting each other are charged with electric
charges having desired or alternatively predetermined
polarities by friction charging.

[0056] Referring to FIG. 2C, electric energy is gener-
ated by a process during which the second electrode 121
in contact with the energy generation layer 130 is sepa-
rated from the energy generation layer 130. The gener-
ated electric energy may be obtained through the first
and second electrodes 111 and 121. When the energy
generation layer 130 and the second electrode 121 are
separated by a desired or alternatively predetermined
distance from each other as illustrated in FIG. 2D, a fur-
ther pressure applied to the second electrode 121 moves
the second electrode 121, as illustrated in FIG. 2E. As
such, electric energy is generated during the process of
the second electrode 121 being close to the energy gen-
eration layer 130. The generated electric energy may be
obtained through the first and second electrodes 111 and
121. As illustrated in FIGS. 2C and 2E, a current gener-
ated during the process in which the second electrode
121 and the energy generation layer 130 are close to
each other or spaced apart from each other may flow in
opposite directions.

[0057] FIGS. 3A to 3D illustrate an operation of the
triboelectric generator illustrated in FIG. 1 to generate
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electric energy by sliding.

[0058] Referring to FIG. 3A, when the energy genera-
tionlayer 130 and the second electrode 121 are in contact
with each other, the upper surface of the energy gener-
ation layer 130 and the lower surface of the second elec-
trode 121 contacting each other are charged with electric
charges having desired or alternatively predetermined
polarities by friction charging. Referring to FIG. 3B, in
which the energy generation layer 130 and the second
electrode 121 are in contact with each other, the second
electrode 121 is slid in a direction away from the energy
generation layer 130, that s, a direction in which an area
of a contact surface between the second electrode 121
and the energy generation layer 130 decreases. As such,
during the sliding process in which the second electrode
121 is moved away from the energy generation layer 130,
electric energy is generated and the generated electric
energy may be obtained through the first and second
electrodes 111 and 121

[0059] As illustrated from FIG. 3C, when the second
electrode 121 is away from the energy generation layer
130, as illustrated in FIG. 3D, the second electrode 121
is slid back toward the energy generation layer 130, that
is, a direction in which an area of the contact surface
between the second electrode 121 and the energy gen-
eration layer 130 increases. As such, during the sliding
process inwhich the second electrode 121 is moved clos-
er to the energy generation layer 130, electric energy is
generated, and the generated electric energy may be
obtained through the first and second electrodes 111 and
121. As such, a current generated during the sliding proc-
ess may flow in opposite directions (FIGS. 3B and 3D).
[0060] FIG.4is across-sectional view of a triboelectric
generator according to another example embodiment.
[0061] In the triboelectric generator of FIG. 4, one or
more spacers 150 may be provided between the energy
generation layer 130 and the second electrode 121. The
one or more spacers 150 may maintain a desired or al-
ternatively predetermined interval between the energy
generation layer 130 and the second electrode 121 in a
state in which no external mechanical energy is applied
to the triboelectric generator.

[0062] FIG.5is across-sectional view of a triboelectric
generator according to another example embodiment.
[0063] Referring to FIG. 5, the triboelectric generator
according to the example embodiment may include first
and second substrates 110 and 120 separated from each
other, the first and second electrodes 111 and 121 re-
spectively provided on the first and second substrates
110 and 120, and the energy generation layer 130 pro-
vided on the first electrode 111.

[0064] The first and second substrates 110 and 120
may be formed of or include a rigid material, for example,
aglass substrate or a silicon substrate. Alternatively, one
or both of the first and second substrates 110 and 120
may be flexible and stretchable substrates. The flexible
and stretchable substrates may include, forexample, one
or two or more combinations of polydimethylsiloxane
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(PDMS), polyimide (Pl), Teflon, urethane, and nylon.
However, the example embodiments are not limited
thereto. Also, the flexible and stretchable substrates may
include fabric woven with fibers. The flexible and stretch-
able substrates may have an elongation percentage of
about 200% or low, but the example embodiments are
not limited thereto.

[0065] The first electrode 111 is provided on an upper
surface of the first substrate 110, and the second elec-
trode 121 is provided on a lower surface of the second
substrate 120. One or both of the first and second elec-
trodes 111 and 121 may be flexible and stretchable elec-
trodes corresponding to the first and second substrates
110 and 120.

[0066] The energy generationlayer 130 thatgenerates
electric energy through friction with the second electrode
121 is provided on the upper surface of the first electrode
111. The energy generation layer 130 generates electric
energy through contact with the second electrode 121.
The energy generation layer 130 may include, for exam-
ple, a 2D material including h-BN and/or TMD. When the
first and second electrodes 111 and 121 are all flexible
and stretchable electrodes, the energy generation layer
130 may include a 1 D nano-material and/or a 2D mate-
rial. The 1 D nano-material may include CNT and the 2D
material may include graphene, h-BN, and/or TMD. Al-
though in the above description both the first and second
substrates 110 and 120 are provided, the example em-
bodiments are not limited thereto and any one of the first
and second substrates 110 and 120 may be provided.
[0067] FIG. 6is across-sectional view of a triboelectric
generator according to another example embodiment.
[0068] Referring to FIG. 6, the triboelectric generator
according to the example embodiment may include first
and second substrates 110’ and 120 separated from
each other, first and second electrode 111’ and 121 re-
spectively provided on the first and second substrates
110’ and 120, the energy generation layer 130’ being
provided on the first electrode 111°.

[0069] In the example embodiment, the first substrate
110’ may be a flexible and stretchable substrate. The first
substrate 110’ may have, for example, an elongation per-
centage of about 200% or lower, but the example em-
bodiment is not limited thereto. An upper surface of the
first substrate 110’ may have a shape of a wavy pattern.
The first electrode 111’ and the energy generation layer
130’ are sequentially provided on the upper surface of
the first substrate 110’. Accordingly, the first electrode
111’ and the energy generation layer 130’ may have a
wavy pattern substantially corresponding to the upper
surface of the first substrate 110’. The first electrode 111’
and the energy generation layer 130’ may have flexibility
and stretchability like the first substrate 110’. In this case,
the first electrode 111’ may include, for example, one or
two or more combinations of CNT, graphene, Ag na-
nowire, metal, and metal mesh, but the example embod-
iment is not limited thereto. The energy generation layer
130’ generates electric energy through friction with the
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second electrode 121. The energy generation layer 130’
may include, for example, a 2D material including h-BN
and/or TMD.

[0070] Both of the firstand second substrates 110’ and
120 may be flexible and stretchable substrates. In this
case, the first electrode 111’ and the energy generation
layer 130’ may have flexibility and stretchability corre-
sponding to, similar to or the same as the flexibility and
stretchability of the first substrate 110’. The second elec-
trode 121 may have flexibility and stretchability corre-
sponding to, similar to or the same as the flexibility and
stretchability of the second substrate 120. In this case,
the energy generation layer 130’ may include a 1 D nano-
material and/or a 2D material. The 1 D nano-material
may include, for example, CNT, and the 2D material may
include, for example, graphene, h-BN, and/or TMD.
[0071] A method of forming the first electrode 111’ and
the energy generation layer 130’ having a shape of a
wavy pattern on the first substrate 110’ is described as
follows. First, the first substrate 110’ having stretchability
is prepared and stretched. Next, the first electrode 111’
and the energy generation layer 130’ are sequentially
formed on the upper surface of the first substrate 110’ in
a stretched state. Next, when the first substrate 110’ that
is stretched is contracted to an original state, the upper
surface of the first substrate 110’ may have a shape of
a wavy pattern due to contraction. Accordingly, the first
electrode 111’ and the energy generation layer 130’ may
have a shape of a wavy pattern due to contraction.
[0072] As described above, when the energy genera-
tion layer 130’ is formed in the shape of a wavy pattern,
a contact area between the second electrode 121 and
the energy generation layer 130’ increases and thus an
amount of electric energy generated per unit area may
be increased. Alternatively, although in the above de-
scription the first electrode 111’ and the energy genera-
tion layer 130’ have a shape of a wavy pattern, the ex-
ample embodiments are not limited thereto and the sec-
ond electrode 121 may have the shape of a wavy pattern
or all the first electrode 111, the energy generation layer
130’, and the second electrode 121 may have the shape
of a wavy pattern.

[0073] FIG.7is across-sectional view of a triboelectric
generator according to another example embodiment.
[0074] Referring to FIG. 7, the triboelectric generator
according to the example embodiment may include the
first and second substrates 110 and 120 separated from
each other, the first and second electrodes 111 and 121
being respectively provided on the first and second sub-
strates 110 and 120, the energy generation layer 130
provided on the first electrode 111. The first electrode
111 is provided on the upper surface of the first substrate
110, and the second electrode 121 is provided on an
upper surface of the second substrate 120. The energy
generation layer 130 is provided on the upper surface of
the first electrode 111.

[0075] The first and second substrates 110 and 120
may include, for example, a substrate formed of or in-



13 EP 3 086 460 A2 14

clude a rigid material. Alternatively, one or two or more
of the first and second substrates 110 and 120 may be
flexible and stretchable substrates. The flexible and
stretchable substrates may include one or two or more
combinations of PDMS, PI, Teflon, urethane, and nylon.
However, the example embodiment is not limited thereto.
Surfaces of flexible and stretchable substrates may have
the shape of a wavy pattern. In this case, the first elec-
trode 111 and the energy generation layer 130 formed
on the first substrate 110 may have a shape substantially
corresponding to the surface of the first substrate110.
The second electrode 121 formed on the second sub-
strate 120 may have a shape substantially corresponding
to the surface of the second substrate 120.

[0076] The energy generation layer 130 generates
electric energy through friction with the second substrate
120. The energy generation layer 130 may include, for
example, a 2D material including h-BN and/or TMD.
[0077] When the first and second substrates 110 and
120 are flexible and stretchable substrates, the first and
second electrodes 111 and 121 may also have flexibility
and stretchability. In this case, the energy generation lay-
er 130 may include a 1D nano-material and/or a 2D ma-
terial. The 1 D nano-material may include, for example,
CNT, and the 2D material may include, for example,
graphene, h-BN, and/or TMD.

[0078] FIG. 8is across-sectional view of a triboelectric
generator according to another example embodiment.
[0079] Referring to FIG. 8, the triboelectric generator
according to the example embodiment may include first
and second electrodes 211 and 221 separated from each
other, first and second energy generation layers 231 and
232 respectively provided on the first and second elec-
trodes 211 and 221. One or both of the first and second
electrodes 211 and 221 may be flexible and stretchable
electrodes. The first and second electrodes 211 and 221
may include, for example, one or two or more combina-
tions of CNT, graphene, Ag nanowire, metal, and metal
mesh, butthe example embodimentis not limited thereto.
[0080] The first energy generation layer 231 is provid-
ed on an upper surface of the first electrode 211, and the
second energy generation layer 232 is provided on a low-
er surface of the second electrode 221. The first energy
generation layer 231 generates electric energy through
contact with the second energy generation layer 232 and
may include a 2D material having a crystal structure of
a 2D shape. The 2D material may include, for example,
one or both of h-BN and TMD. The TMD may include one
metal element from Mo, W, Nb, V, Ta, Ti, Zr, Hf, Tc, Re,
Cu, Ga, In, Sn, Ge, and Pb and one chalcogen element
from S, Se, and Te.

[0081] The 2D material may have a monolayer struc-
ture or a multilayer structure. For example, the number
of layers of the 2D material may be about 1 ~ 300 and
the thickness of the 2D material may be about 0.3 nm ~
about 1000 nm. However, the example embodiment is
not limited thereto. Meanwhile, the 2D material may be
doped with a p-type dopant or an n-type dopant. When
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the first energy generation layer 231 is provided on the
first electrode 211 that s flexible and stretchable, the first
energy generation layer 231 may have flexibility and
stretchability corresponding to the first electrode 211.
[0082] When both of the first and second electrodes
211 and 221 have flexibility and stretchability, the first
energy generation layer 231 may include a 1 D nano-
material and/or a 2D material. The 1 D nano-material
may include, for example, CNT, and the 2D material may
include, for example, graphene, h-BN, and/or TMD.
[0083] The second energy generation layer 232 may
include various materials having charging characteristics
that are different from the first energy generation layer
231. For example, the second energy generation layer
232 may include PDMS, PI, Teflon, urethane, or nylon.
Also, the second energy generation layer 232 may in-
clude CNT, graphene, or the above-described 2D mate-
rial. In this case, the first energy generation layer 231
may not be doped and the second energy generation
layer 232 may be doped with a p-type dopant or an n-
type dopant. Also, the first energy generation layer 231
and the second energy generation layer 232 may be
doped with other dopants or doped at a difference doping
concentration. When the second energy generation layer
232 is provided on the second electrode 221 that is flex-
ible and stretchable, the second energy generation layer
232 may have flexibility and stretchability corresponding
to, similar to orthe same as the flexibility and stretchability
of the second electrode 221.

[0084] FIG.9is across-sectional view of a triboelectric
generator according to another example embodiment.
[0085] Referring to FIG. 9, the triboelectric generator
according to the example embodiment may include first
and second substrates 210 and 220 separated from each
other, the first and second electrodes 211 and 221 re-
spectively provided on the first and second substrates
210 and 220, and the first and second energy generation
layers 231 and 232 respectively provided on the first and
second electrodes 211 and 221.

[0086] The first and second substrates 210 and 220
may be, for example, a substrate formed of or include a
rigid material, such as, a glass substrate or a silicon sub-
strate. Alternatively, one or both of the first and second
substrates 210 and 220 may be flexible and stretchable
substrates. The flexible and stretchable substrates may
include, for example, one or two or more combinations
of PDMS, PI, Teflon, urethane, and nylon, but the exam-
ple embodiment is not limited thereto. Although the sub-
strates may have an elongation percentage of about
200% or low, the example embodiment is not limited
thereto.

[0087] The firstelectrode 211 is provided on the upper
surface of the first substrate 210, and the second elec-
trode 221 is provided on the lower surface of the second
substrate 220. One or both of the first and second elec-
trodes 211 and 221 may have flexibility and stretchability
corresponding to, similar to or the same as the flexibility
and stretchability of the first and second substrates 210
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and 220. Thefirstenergy generation layer 231 is provided
on the upper surface of the first electrode 211, and the
second energy generation layer 232 is provided on the
lower surface of the second electrode 221.

[0088] The first energy generation layer 231 may in-
clude, for example, a 2D material including h-BN and/or
TMD. When both of the first and second electrodes 211
and 221 have flexibility and stretchability, the first energy
generation layer 231 may include a 1 D nano-material
and/or a 2D material. The 1 D nano-material may include,
for example, CNT and the 2D material may include, for
example, graphene, h-BN, and/or TMD. The second en-
ergy generation layer 232 may include various materials
having charging characteristics that may be different from
the charging characteristics of the first energy generation
layer 231.

[0089] When the firstelectrode 211 and the first energy
generation layer 231 are provided on the first substrate
210 that is flexible and stretchable, the first electrode 211
and the first energy generation layer 231 may have flex-
ibility and stretchability corresponding to, similar to or the
same as the flexibility and stretchability of the first sub-
strate 210. When the second electrode 221 and the sec-
ond energy generation layer 232 are provided on the sec-
ond substrate 220 that is flexible and stretchable, the
second electrode 221 and the second energy generation
layer 232 may also have flexibility and stretchability cor-
responding to, similar to or the same as the flexibility and
stretchability of the second substrate 220. One or both
of the first and second substrates 210 and 220 that are
flexible and stretchable may have a surface of a wavy
pattern. In this case, the first electrode 211 and the first
energy generation layer 231 may have a shape corre-
sponding to the surface of the first substrate 210. The
second electrode 221 and the second energy generation
layer 232 may have a shape corresponding to the surface
of the second substrate 220. Alternatively, although in
the above description both the first and second sub-
strates 210 and 220 are provided, only one of the first
and second substrates 210 and 220 may be provided.
[0090] Inthe above-described example embodiments,
triboelectric generators including one energy generation
unit are discussed. However, a triboelectric generator
having a structure in which a plurality of energy genera-
tion units are vertically stacked may be implemented.
FIG. 10 schematically illustrates a triboelectric generator
according to another example embodiment.

[0091] Referring to FIG. 10, the triboelectric generator
according to the example embodimentmay include a plu-
rality of energy generation units 601, 602, and 603 that
are vertically stacked. The energy generation units 601,
602, and 603 may be the triboelectric generators of var-
ious types described in the above example embodi-
ments. The energy generation units 601, 602, and 603
may be serially connected to one another to increase
output energy of the triboelectric generator. However,
the example embodiment is not limited thereto, and the
energy generation units 601, 602, and 603 may be con-
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nected to one another in parallel. Although FIG. 16 illus-
trates a triboelectric generator that includes three (3) en-
ergy generation units 601,602, and 603 that are vertically
stacked, the example embodiments are not limited there-
to and the triboelectric generator according to the exam-
ple embodiment may include various numbers of verti-
cally stacked energy generation units.

[0092] FIG. 11 illustrates output voltages according to
a thickness of an energy generation layer formed of or
include a 2D material in a triboelectric generator, accord-
ing to an example embodiment. FIG. 12 illustrates output
current densities according to a thickness of an energy
generation layer formed of a 2D material in a triboelectric
generator according to an example embodiment.
[0093] InFIGS. 11 and 12, a MoS, film is used as an
energy generation layer, and PDMS is used as a material
contacting the MoS, film. The MoS, film is manufactured
as follows. First, a bulk MoS, material is exfoliated
through lithiation. Next, MoS, ink is manufactured by us-
ing the exfoliated MoS, material, and the MoS, ink is
coated on a Cu electrode, thereby forming the MoS, film.
As an amount of MoS, ink coated on the Cu electrode
increases, the thickness of the MoS, film increases as
well.

[0094] In FIGS. 11 and 12, "(a) 0 ml" denotes a case
in which no MoS, ink is coated on the Cu electrode, and
output voltage and output current density generated as
the Cu electrode and PDMS are contacted with each oth-
er are illustrated. In FIGS. 11 and 12, "(b) 2 mlI", "(c) 5
ml", "(d) 10 ml", and "(e) 20 ml" denote cases in which
the Cu electrode is coated with the MoS, ink in amounts
of 2ml, 5 ml, 10 ml, and 20 ml, and output voltages and
output current densities generated as the MoS, films and
the PDMS are contacted with each other are illustrated.
Referringto FIGS. 11and 12, when the thickness of MoS,
film is (b), the output voltage appears to be the highest.
As a result, it may be seen that the output voltage in-
creases as the thickness of MoS, film decreases.
[0095] FIG. 13illustrates an output voltage and an out-
put current density according to resistance of a meas-
urement circuit, in a triboelectric generator according to
an example embodiment. FIG. 14 illustrates an output
power density according to resistance of a measurement
circuit, in a triboelectric generator according to an exam-
ple embodiment. In FIG. 13, in the case of "(b) 2 ml" of
FIGS. 11 and 12, that is, the Cu electrode is coated with
the MoS, ink of 2 ml, the output voltages and output cur-
rent densities generated as the manufactured MoS, film
and the PDMS are in contact with each other are illus-
trated according to resistance of a measurement circuit
connected to the triboelectric generator. FIG. 14 illus-
trates the output power density according to the resist-
ance of the measurement circuit connected to the tribo-
electric generator by using the result of FIG. 13. Referring
to FIGS. 13 and 14, it may be seen that the maximum
power density is about 107.9 mW/m2,

[0096] FIG. 15 illustrates charging characteristics of a
MoS, material. In FIG. 15, a MoS, material is used as
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the energy generation layer, and output voltages gener-
ated when the MoS, material contacts other materials.
In detail, in FIG. 15, "(a) Poly Tetra Fluoro Ethylene (PT-
FE)", "(b) Poly DiMethyl Siloxane (PDMS)", "(c) Poly Im-
ide (PI)", "(d) Poly Carbonate (PC)", and "(e) Poly Ethyl-
ene Terephthalate (PET)" illustrate output voltages gen-
erated when the MoS, material contacts PTFE, PDMS,
Pl, PC, and PET, respectively. In FIG. 15, "P" denotes a
case in which the MoS, material is pressed to be close
to other material, and "R" denotes a case in which the
pressed MoS, material is released to be separated from
other material. Referring to FIG. 15, it may be seen that
the MoS, material has friction electricity characteristics
and the charging characteristics of the MoS, material is
between the charging characteristics of PDMS and the
charging characteristics of PTFE.

[0097] FIG. 16 illustrates charging characteristics of a
WS, material. In FIG. 16, a MoS, material is used as the
energy generation layer, and output voltages generated
when the WS, material contacts other material are illus-
trated. In detail, in FIG. 16, "(a) PTFE", "(b) PDMS", "(c)
PI","(d) PC", and "(e) PET" illustrate output voltages gen-
erated when the WS, material contacts PTFE, PDMS,
Pl, PC, and PET. In FIG. 16, "P" denotes a case in which
the WS, material is pressed to be close to other material,
and "R" denotes a case in which the pressed WS, ma-
terial is released to be separated from other material.
Referring to FIG. 16, it may be seen thatthe WS, material
has friction electricity characteristics and the charging
characteristics of the WS, material is located at a position
that is more negative than the charging characteristics
of PTFE.

[0098] FIGS. 17A and 17B illustrate a method of man-
ufacturing a triboelectric generator including graphene
having a shape of a wavy pattern by using stretchability
of a PDMS substrate, according to at least one example
embodiment.

[0099] First, referring to FIG. 17A, after a PDMS sub-
strate is stretched, graphene is formed on an upper sur-
face of the stretched PDMS substrate. A Poly Methyl
Meth Acrylate (PMMA) substrate on which a Cu electrode
is deposited is provided on an upper portion of the PDMS
substrate. Next, referring to FIG. 17B, when the stretched
PDMS substrate is contracted to an original state, the
upper surface of the PDMS substrate may have the
shape of a wavy pattern due to contraction. Accordingly,
the graphene formed on the upper surface of the PDMS
substrate may have the shape of a wavy pattern.
[0100] FIGS. 18Ato 18Cillustrate output voltages gen-
erated as graphene and a PMMA substrate are contacted
with each other, in the triboelectric generator manufac-
tured according to the elongation percentage of PDMS
in FIGS. 17A and 17B. In detail, FIG. 18A illustrates a
case in which an elongation percentage of the PDMS
substrate is 0%, in other words, the PDMS substrate is
not stretched, so that graphene is not formed in a wavy
pattern. FIG. 18B illustrates a case in which the PDMS
substrate is stretched by 10% and then restored so that
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graphene having the shape of a wavy pattern is formed.
FIG. 18C illustrates a case in which the PDMS substrate
is stretched by 20% and then restored, so that graphene
having the shape of a wavy pattern is formed.

[0101] When the graphene has the shape of a wavy
pattern, asillustrated in FIGS. 18B and 18C, friction elec-
tricity generated per unit area is increased, compared to
the graphene of FIG. 18A.

[0102] As described above, the triboelectric genera-
tors according to the example embodiments include the
energy generation layer that may generate electric en-
ergy through friction with other material having different
charging characteristics, and the energy generation layer
may include at a 1 D nanomaterial and/or a 2D material.
Also, when a flexible and stretchable substrate is used
as the substrate, the electrode provided on the substrate,
and the energy generation layer, may have flexibility and
stretchability corresponding to, similar to or the same as
the flexibility and stretchability of the substrate. Accord-
ingly, the triboelectric generator manufactured by using
the substrate having flexibility and stretchability may ef-
fectively generate electric energy due to external envi-
ronment factors such as wind, sound, or movements of
a person. Also, the amount of electric energy output may
be increased by, for example, vertically stacking a plu-
rality of triboelectric generators and serially connecting
the triboelectric generators. The triboelectric generator
may generate electric energy that can be used in, for
example, portable electronic devices, clothes, bags,
hats, gloves, or flags or by being attached on a body part
of a person.

[0103] It should be understood that example embodi-
ments described herein should be considered in a de-
scriptive sense only and not for purposes of limitation.
Descriptions of features within each example embodi-
ment should typically be considered as available for other
similar or same features in other example embodiments.

Claims
1. A triboelectric generator comprising:

first and second electrodes facing each other;
and

a first energy generation layer on the first elec-
trode and configured to generate electric energy
by contact with at least one other material, the
first energy generation layer comprising a two-
dimensional (2D) material having a crystal struc-
ture of a 2D shape.

2. The triboelectric generator of claim 1, wherein the
two-dimensional material comprises at least one of
hexagonal-boron nitride (h-BN) and transition metal
dichalcogenide (TMD) and optionally wherein the 2D
material has a single layer or a multilayer structure.
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The triboelectric generator of claim 2, wherein the
TMD comprises one of Mo, W, Nb, V, Ta, Ti, Zr, Hf,
Tc, Re, Cu, Ga, In, Sn, Ge, and Pb, and one of S,
Se, and Te.

The triboelectric generator of any preceding claim,
wherein the 2D material has a thickness of 0.3 nm
to 1000 nm.

The triboelectric generator of any preceding claim,
further comprising a spacer between the first elec-
trode and the second electrode.

The triboelectric generator of any preceding claim,
wherein the first energy layer generates electric en-
ergy by contact with the second electrode.

The triboelectric generator of any preceding claim,
further comprising at least one of a first substrate on
which the first electrode and the first energy gener-
ation layer are located and a second substrate on
which the second electrode is located,

and optionally wherein the first energy generation
layer is configured to generate electric energy by
contact with the second electrode or the second sub-
strate.

The triboelectric generator of claim 7, wherein at
least one of the firstand second substrates is stretch-
able, and

optionally wherein the at least one of the first and
second substrates has an elongation percentage of
about 200% or lower..

The triboelectric generator of claim 7 or 8, wherein
the at least one of the first and second substrates
comprises at least one of polydimethylsiloxane
(PDMS), polyimide (P1), Teflon, urethane, and nylon.

The triboelectric generator of claim 7, 8 or 9, wherein
the at least one of the first and second substrates
has a surface having a wavy shape,

and optionally wherein the first electrode and the first
energy generation layer have a shape correspond-
ing to a surface of the first substrate, and the second
electrode has a shape corresponding to a surface of
the second substrate.

The triboelectric generator of claim 7, 8, 9 or 10,
wherein at least one of the first and second elec-
trodes comprises at least one of carbon nanotube
(CNT), graphene, Ag nanowire, metal, and metal
mesh.

The triboelectric generator of any preceding claim,
further comprising a second energy generation layer
on the second electrode and configured to generate
electric energy by contact with the first energy gen-
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eration layer,

and optionally further comprising at least one of a
first substrate on which the first electrode and the
first energy generation layer are located and a sec-
ond substrate on which the second electrode and
the second energy generation layer are located.

A triboelectric generator comprising:

first and second electrodes facing each other
and having stretchability; and

a first energy generation layer on the first elec-
trode and configured to generate electric energy
by contact with at least one other material,

and optionally wherein the first energy genera-
tion layer comprises atleast one of a one-dimen-
sional (1D) material having a 1D shape of a nano
size and a two-dimensional (2D) material having
a crystal structure of a 2D shape.

A triboelectric generator comprising:

a plurality of energy generation units that are
stacked,

wherein at least one of the energy generation
unitsis a triboelectric generator according to any
preceding claim.

The triboelectric generator of claim 14, wherein the
energy generation units are serially connectedtoone
another.
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